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SUMMARY 
Bank erosion is a serious problem to river engineers concerned with 

channel stabilization and navigation. Severe erosion often occurs at the 
outer bank in channel bends, where flow velocities adjacent to the bank 
are elevated due to the effects of curvature on channel flow. Eroding 
banks may be stabilized and protected from erosion using riprap. When 
selecting the appropriate size of stone to be used to protect a bank in a 
given bend, it is necessary to be able to predict the intensity of flow 
attack on the bank. This may be represented by either the near bank 
velocity or the boundary shear stress on the bank. This report deals with 
the development of improved methods to predict outer bank velocities and 
shear stresses. Two approaches are examined. The first uses a statistical 
treatment of observed data from natural and artificial channels to 
formulate predictive equations for the ratio of depth avaraged longstream 
velocity over the toe of the outer bank and for the shear stress in that 
location. The second tests two analytical models of bend flow to gauge 
their accuracy and set limits to their applicability in predicting outer 
bank velocity. 

The results show that several factors appear to influence outer bank 
velocity at a natural bend. Multivariate equations involving radius of 
curvature to width ratio, relative bend length, width to depth ratio, 
relative depth and bank angle are proposed to predict the ratio of outer 
bank toe velocity to average velocity. Simplified equations using only the 
radius of curvature to width ratio are also proposed. The configuration of 
the channel upstream of the bend is shown to be important, and separate 
appproaches are formulated for bends downstream of straight and 
meandering reaches. For artificial channels RcJw dominates the analysis, 
but it is also shown that the mobility of the bed strongly influences the 
outer bank velocity and shear stress. 

Model tests reveal that the model developed by Bridge (1982) 
consistently predicts the observed outer bank toe velocity to within +/- 
15%. Errors grow alarmingly for bends with Rc/w values less than 2 and 
the model crashes for bends with Rc/w < 1. Odgaard's (1989) model tended 
to under predict outer bank velocity by between 5 and 40%. This was the 
case because the model did not predict outer bank scouring in bends with 
bed material coarser than medium sand. However, its application was 
limited because it predicted negative depths at the inner bank and crashed 
for long bends. In contrast to Bridge's model, Odgaard's model remained 
stable at very low Rc/w bends, errors remaining in the 5 to 40% range. 

It is recommended that the results of this study be further tested and 
verified. However, on the basis of the results to date, the model developed 
by Bridge is recommended for use in bends with Rc/w valus greater than 2. 
For very tight bends, Odgaard's model shows strong potential, but it must 
be modified to allow greater mobility and scour of coarse bed materials. 
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MAIN TEXT 

Introduction 

Serious bank erosion often occurs at the outer bank in meander bends. 
This erosion is driven by the natural tendency of river meanders to 
increase in amplitude and migrate downstream through time. The severity 
of flow attack on the bank is known to be controlled by the hydraulics of 
flow adjacent to the bank and especially the propensity for scour in the 
area of the bank toe. Conversely, the mechanics of failure and the 
sequence of events involved in the erosion, collapse and basal clean-out 
phases of bank retreat are closely related to the engineering properties of 
the bank materials and the bank stratigraphy. But the overall rate of 
retreat of the bank is known to be determined by the capacity of the 
near-bank flow to entrain and remove slumped bank materials, while 
continuing to erode the bank and trigger further failures (Thorne, 1982; 
Lapointe and Carson, 1986). 

The importance of bank attack and toe scour by the flow have long 
been recognised, and their intensity has been found to be a function of the 
boundary shear stress acting on the bed and bank at the outer bank in a 
meander. But in practical terms the boundary shear stress is a 
particularly difficult parameter to predict accurately. Indeed, none 
specialists even find it difficult to visualize boundary shear stress. 
Consequently, it is desirable to relate the severity of bank attack and toe 
scour to less obscure flow descriptor, such as near-bank velocity. Some 
modelers even prefer to relate bank attack and retreat rates to near bank 
velocities instead of bank shear stress (Odgaard, 1990). Theory shows 
that near-bank velocity and boundary shear stress are in any case closely 
related, although the relation between them is neither simple, or easily 
quantified for real world situations. 

The preferred treatment to stabilize and protect the outer bank in a 
meander bend uses a blanket of loose stone called riprap. When using 
riprap it is necessary to select the appropriate size for the stone on the 
basis of the intensity of flow attack as represented by either the boundary 
shear stress on the outer bank or the flow velocity over the toe of the 
outer bank. Presently, this achieved using semi-empirical diagrams (Figs. 
1 and 2). 

The first (Fig. 1) predicts the ratio of velocity over the outer bank 
toe to average velocity in the approach channel (VtoeNavg) as a function 
of the radius of curvature to width ratio for the bend (Rclw). The second 
(Fig. 2) predicts the ratio of outer bank shear stress to average boundary 
shear stress in the approach channel (t,/to) as a function of the radius of 

curvature to width ratio for the bend. 



Fig. 1 WES design diagram for prediction of outer bank velocity at a bend 
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Fig. 2 WES design diagram for prediction of outer bank shear at a bend 
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The velocity diagram uses a logarithmic scale for the independent 
variable (Rc/w) and a linear scale for the dependent variable (VtoeNavg). 
Two lines are plotted, cprresponding to natural channels (with 
asymmetrical cross-sections) and trapezoidal channels (with symmetrical 
cross-sections), respectively. The ratio of outer bank to mean velocity is 
markedly higher in natural than trapezoidal channels. Plotted as straight 
lines on a semi-log graph, these lines indicate logarithmic relations 
between (Rclw) and (VtoeIVavg) for the two types of channel. The 
equations of the lines are not given, but analysis of the graph suggests 
that they approximate to: 

flatural Channels 

Jra~ezoidal Channels 

The shear stress diagram uses logarithmic axes for both independent 
(Rclw) and dependent (tb/to) variables. Again, two lines are plotted, this 

time corresponding to smooth and rough channels. All data appear to come 
from laboratory flumes, no data from natural rivers are included. Rough 
channels are found to have significantly higher stress ratios than smooth 
channels, for the same value of (Rc/w), although the line for rough 
channels is fitted to only two points and is heavily extrapolated. Plotted 
as straight lines on log-log graph, these lines indicate power function 
relations between (Rclw) and (tb/to). The equation for the smooth channel 

line is given on the diagram as:- 

No equation for the rough channel line is given, but examination of the 
graph suggests that the line may be described by:- 

While either diagram can give reasonable results when used with 
sound engineering judgement and with careful consideration of the limits 



to its applicability, it is nonetheless desirable to develop improved 
procedures that better account for the parameters of flow hydraulics, 
boundary roughness and channel geometry that are believed to influence 
flow intensity at the outer bank in a meander bend. Several other aspects 
of bend geometry, channel shape and boundary roughness have been shown 
to influence bend flow patterns significantly on both theoretical and 
practical grounds (Thorne, 1978; Hooke and Harvey, 1983; Rais, 1984; 
Lapointe and Carson, 1986; Pizzuto, 1987; Thorne and Osman, 1988; 
Odgaard, 1989), and a methood which uses only a single parameter to 
characterize the bend, ignoring all others, cannot account for these 
effects. 

Objectives 

The objectives of this study are to develop improved analytical 
techniques to estimate the velocity and shear stress distributions at the 
outer bank in a river bend, The approach adopted is to examine these 
distributions as functions of the planform and cross-sectional geometry 
of the bend, the nature of the bed and bank materials, and the planform and 
average flow parameters in the approach channel. 

The primary objective is to concentrate on defining maximum values 
of depth averaged velocity that occur in the bend along the outer bank (that 
is over the toe of revetted banks). The second aim is to produce the 
equivalent relationships for boundary shear stress at the outer bank in a 
meander bend. 

Emphasis is placed on basing the relationships on parameters readily 
available to design engineers, rather than variables such as "centerline 
mean velocityw which although theoretically significant, are usually 
unkown and which would themselves be difficult to predict or estimate. 

Approaches Adopted 

Broadly, two approaches have been used. The first is based on 
statistical analysis of a data base on bend flow assembled from published 
and unpublished reports of studies made on rivers and in laboratory flumes 
all over the world. The second attempts a more theoretical approach, 
being based on application of three recently developed mathematical 
models of bend flow hydraulics. There are advantages and disadvantages 
to both approaches and these are discussed in the sections concerned with 
the Final Discussion and Conclusions. 



Data-Based Approach 

Sources of Data 

Data were obtained from a number of diverse sources. The sources 
actually used are listed in Appendix A. The initial data came from studies 
undertaken by the Principal lnvestigators and their colleagues at Colorado 
State University, London University, UK and the University of East Anglia, 
UK. These data were readily to hand and included all of the parameters 
necessary for this analysis. They required only a little time and effort to 
assemble. 

The second source of data was from researchers known to be working 
on bend flow problems and with whom the Principal lnvestigators have 
good working relationships. In response to requests from the Pl's or their 
research associates, copies of research reports and published articles 
containing full data sets were supplied by these individuals, mostly in a 
timely fashion. This allowed easy extraction of the relevant parameters. 
In cases where a particular measurement was not reported, telephone 
calls to the original researchers usually elicited the missing information. 

The third source of data was from papers published in professional 
and learned journals. This proved to be the least satisfactory source. 
Journal papers almost never contain full data sets, and published summary 
diagrams of the distribution of parameters such as depth-averaged 
velocity are too small to be used for data extraction with any degree of 
accuracy or precision. The addresses given in articles are often 
incomplete or out of date and telephone and FAX numbers are omitted. Most 
authors were extremely slow to respond to written enquiries sent by 
ordinary mail and some seemed reluctant to part with data at all. These 
problems led to several promising leads being reluctantly abandoned and 
data sets excluded from the analysis. 

The data set which has resulted is then not universal in its scope. It 
does, however, contain only data which the Principal Investigators 
opinions is sound and complete. The range of sizes and types of channel 
encompassed is large and there is a sufficient number of entirely 
independent data sets to support the statistical analysis. Consequently, it 
is probable that the addition of a few further data is unlikely to 
materially alter the overall distribution of data or the outcome of the 
analyses. 

Data base 

The basic data assembled in this study are listed in Tables 1, 2 and 3, 
for Natural Rivers, Trapezoidal Channels and Rectangular Channels 
respectively. The published and unpublished sources of data are listed 
separately in the reference section of this report. 
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The basic data were used to derive parameters of bend geometry and 
hydraulic roughness which could affect the pattern of flow through the 
bend. The derived data are listed in Tables 4, 5 and 6 for Natural Rivers, 
Trapezoidal Channels and Rectangular Channels respectively. 

An important aspect of any experimentally based study is to identify 
the range of each variable observed. When applying relationships based on 
the experimental results, these ranges must set the limits to the 
applicability of the relations. It is highly speculative and very risky to 
apply any empirical relationship outside the range of data from which it 
has been developed and tested. The range of each of the variables is listed 
in Data Tables 7, 8 and 9 for Natural, Trapezoidal and Rectangular 
Channels, respectively. 



TABLE 4 - DERIVED DATA FOR NATURAL W G R S  

k 

RESEARCHER 

M~Munllhmo 
ThmcetrL  

RIVER 

F a  
F I  

SITE 

RucfiB 
R a h A  

BEMI 
NUMBW 

1 
1 

RcW 

287 
0.12 

IJW 

5 .  
1.52 

WSO 

46.4 
71.4 

Wld 

1262 
16.43 

OUTERBANK 
ANOLE 
M (mgk) 

0.861 
0.967 

OUERBANK 
ROVOHNESS 
... S/I/R ... 

R 
R 

BEDFORMS 
.. R;D;S;P... 

P 
P 

APPROACH 
CHANNL% 
...SIMiE,. 

S 
M 

Vtm/Ybu 

1-51 
1.40 



TABLE I DERIVED DATA FOR TRAPEZOIDAL CHANNELS 

TABLE 6 - DERIVED DATA FOR RECTANGULAR CH 
sm 

NELS - 
BEhD 

NUMBER 

su3R 
SmESs 
wno 

13 
1.30 
200 
280 
200 
I .75 
I .00 
1 .OO 
1.60 

SITE 

InaHydRa 
WE3 
W.D. 
H.L.S.D. 
1 1 ~ s .  
W D ,  
H.LS.D. 
C68R 
Unioflm 
MIT 
MIT 
MIT 
h5T 
Unh. h 
Vldr. bm 
MIT 

RESEARCHER 

AJ.Odpvd 
A J . W p d  
WES 
WES 
WI;J 
WES 
WES 
D. M d a  
D. M d u  
D. Mucllu 
D. Muclla 
1ppenbl)rintu 
IppenbIMnLa 
Ba-tXeYm 
BcnQdrYm 
IppmdIhinLa 

BPiD 
NUMBER 

I 
1 
I 
2 
3 
1 
2 
1 
1 
I 
2 
4 
7 
1 
2 
I 

QUNNEL 

t b O v m d  
t b O l r m d  
RFT(D 
RW O 
~ m g m  
R l T O  
=(V) 
tb.01nmf 
tb .oluael  
Lb.oltmrl 
tb.01umel 
Lb.Chmd 
IabOlrmd 
t b O l r m d  
t b h d  
L h O u m d  

Wld 

1627 
24.40 
8.61 
1.70 
1.n 
I931 
1931 
5.70 
10.00 
1138 
120 
10.70 
10.14 
20.10 
1433 
7.95 

RuW 

3.37 
537 
223 
221 
227 
299 
299 
3.73 
3.72 
1.67 
1.25 
1.7.3 
251 
4.16 
3.97 
291 

d/MO 

500.0 
333.3 
205 
20.2 
20.2 
11.0 
11.0 

Z80.0 
ZZ#LO 
800.0 
1300.0 
1140.0 
700.0 
I(nCl.0 
14~0.0 
n0.0 

IJW 

16.88 
16.87 
354 
5.36 
3% 
523 
523 
0.98 
5.83 
1.76 
1.31 
1.31 
262 
654 
6 . ~  
3.61 

VloslYb.1 

132 
1 .a 
1.31 
1.30 
I AZ 
l a  
1.19 

1.09 
I .03 
1.17 



Table 7 - Range of Variables for Natural Channels 

Measured Variables 
_ _ _ _ _ - - - - - - _ - - - - - - - - - - - - - - - - - m - - - - - - - - - - - - * - - - - - - - - - - - - - - -  

Var iab le  U n i t s  Range 
- - - - - - - - - - - - - - - - - - - - - o - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

~ a d i u s  of Curvature meters 8 - 4,525 
Bend Length meters 16 - 5,633 
Width meters 4 - 232 
Average Depth meters 0.4 - 5.65 
Outer Bank Angle degrees 21 - 90 
Outer Bank Roughness - - Rough-Intermediate 
Median Bed Material Size mil l imeters 0.3 - 63 
Bedforms - - Plane - Dunes 
Approach Channel - - Straight-Meandering 
Average Velocity meterslsecond 0.42 - 1.47 
Depth-averaged Toe Velocity meterslsecond 0.55 - 1.81 

Derived Variables 
- I - - - - - - - I P - - - - - - - m - - - - - - s - - - - - - - - - - - - - - - - - - - - - m - - - - - - - - - - - P  

R/w - - 0.75 - 21.6 
L I w  - - 1.45 - 26.9 
wid - - 9.05 - 46.1 
dlD50 - - 13.8 - 18,833 
VtoeIVavg - - 1.04 - 1.57 

Table 8 - Range of Variables for Trapezoidal Channels 

Measured Variables 
- - - - - - - - - - - - - - - - - - - - - - o - - - - - o - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Var iab le  U n i t s  Range . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Radius of Curvature meters 1.5 - 15.24 
Bend Length meters 1.27 - 41.18 
Width meters 0.61 - 6.76 
Average Depth meters 0.07 - 0.78 
Outer Bank Angle degrees 27 - 56 
Outer Bank Roughness - - Smooth-Intermediate 
Median Bed Material Size mil l imeters Smooth - 38.1 
Bedforms - - Plane-Dunes 
Approach Channel - - Straight-Meandering 
Average Velocity meters/seco nd 0.34 - 1.07 
Depth-averaged Toe Velocity meterdsecond 0.42 - 1.50 



Derived Variables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R/w - - 1.23 - 4.16 
L / w  - - 1.31 - 16.88 

w l d  - - 5.70 - 24.40 
dlD50 - - 11.0 - 2290 
VtoeIVavg - - 1.03 - 1.42 
TtoeITavg - - 1 .OO - 2.80 

-- 

Table 9 - Range of Variables for Rectangular Channels 

Measured Variables 
I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

Var iab le  U n i t s  Range ----------------------------------.----------------------- 
Radius of Curvature meters 0.8 - 50 
Bend Length meters 0.42 - 72.0 
Width meters 0.30 - 6.00 
Average Depth meters 0.05 - 0.27 
Outer Bank Angle degrees 18 - 90 
Outer Bank Roughness - - Roug h-Smooth 
Median Bed Material Size mil l imeters Smooth - 40 
Bedforms - - Plane-Dunes 
Approach Channel - - Straight 
Average Velocity meterslsecond 0.24 - 0.66 
Depth-averaged Toe Velocity meterslsecond 0.35 - 0.81 

Derived Variables ----.----------------------------------------------------- 
R/w - - 0.83 - 9.01 
L / w  - - 0.44 - 19.55 
w l d  - - 2.22 - 24.0 
d/D50 - - 4.3 - 2,500 
VtoeIVavg - - 1.10 - 1.38 
TtoeITavg - - 1.20 - 2.46 

Examination of Data 

Before undertaking any advanced analysis or statistical treatment of 
data, it is important to examine the data carefully in the light of existing 
knowledge annd theory. This allows the researcher to identify expected 
and unexpected trends and relationships, and establishes the analytical 
framework for the formal treatment of the data. This, fairly lengthy, 
procedure is essential if the resulting relationships are to have physical 
as well as statistical significance. 



The first step was to establish how the data collected in this study 
plotted in relation to the design curve developed by the US Army Engineer 
Waterways Experiment Station. Hence, a semi-logarithmic plot of (Rc/w) 
versus (VtoeIVavg) was produced for the Natural River data, with the WES 
design curve marked on (Fig. 3a). The design line does not pass through the 
points, but does form a good upper bound to the data with the exception of 
only three out of 34 points. Thus, it may be concluded that the WES design 
curve represents a reasonable, but rather conservative approach to the 
estimation of (VtoeIVavg) in natural channels. This is essential SQ that in 
the final design, the size of riprap specified is always on the safe side. A 
regression line through the scatter of the points for VtoeIVavg could be 
used, but this would require that a factor of safety be introduced in the 
relationship between the critical local velocity for entrainment and the 
size of stone used in a revettment. Present WES preference is to position 
the design line as an upper bound to the data, so that all of the zone of 
uncertainty is on one side of the line (Oswald, personal communication, 
March 1990). 

However, there is considerable scatter in the data, and this deserves 
comment. Partly, it is a result of the methods used to collect the data. 
Usually, velocities were measured at a finite number of cross-sections 
around each bend. In some studies many sections were used (up to seven 
per bend), but in others only a few (less than three) were used. Outer bank 
velocities at intermediate points between sections were not measured. 
Consequently, there is no guarantee that the actual maximum outer bank in 
a bend would be observed in any study. Indeed, in studies with only a few 
sections, it is highly probable that the outer bank maximum velocity for a 
bend would not be measured. It is therefore to be expected that field data 
should plot either close to or below a line defining the maximum possible 
ratio of outer bank to average velocity. However, even for bends with 
multiple measured sections, the data often plot well below the WES line. 
This suggests that there may be further variables affecting the velocity 
ratio which are unaccounted for in the WES analysis. 

Points for bends of very low Rc/w values reveal that the monotonic 
increase in Vtoel Vavg observed as Rc/w decreases may cease at an Rc/w 
of about 2. For Rclw values less than 2, the data show a wide range of 
Vtoel Vavg values, but the velocity ratio never exceeds 1.6. This accords 
with other recent studies of bend flow in very tightly curved bends, which 
has shown that both outer bank scour pool depth and outer bank retreat 
rate may actually decrease with decreasing Rclw for bends with Rclw 
less than 2 (Biedenharn et al., 1989; Thorne, 1989). This is not unexpected 
theoretically, as there is a major discontinuity in the way the pattern of 
bend flow responds to increasing bend tightness at Rdw of between 2 and 
3 (Bagnold, 1960). Further data and analyses are required to confirm this 
tentative finding. 









It is concluded that the actual ratio of outer bank toe velocity to 
average velocity at a bend increases as the ratio of radius of curvature to 
width decreases, in bends with Rclw greater than 2. In a natural channel 
the actual velocity ratio observed in the field is unlikely to exceed the 
value predicted from the WES design curve, but it is likely to be 
considerably lower under some circumstances. For very tight bends with 
Rclw less than 2, a wide range of VtoeIVavg values is possible, but 
maximum values never exceed 1.6. 

Effect of Channel Shape 
Figure 3b shows the same plot for trapezoidal channels, again with 

the relevant WES design curve superimposed. The trend of the line is 
clearly correct, but the data tend to scatter about the line rather than 
lying near or below it as in the case of natural channels. Three out of ten 
points lie significantly above the line, suggesting that it might be prone to 
underestimating the actual ratio of toe to average velocity under some 
circumstances. 

Figure 3c shows the same plot for rectangular channels. Both the 
lines for natural and trapezoidal channels are superimposed. The data tend 
to plot around the line for trapezoidal channels, eleven points lie above 
and six below the line. As the shape of a rectangular channel is something 
between trapezoidal and natural, the plotting position of the points is as 
expected. The plot suggests that VtoeNavg values in rectangular channels 
are lower than those found in natural channels, but may be somewhat 
higher than those found in trapezoidal channels. 

In order to establish which other variables influence the velocity 
ratio for a bend, separate semi-logarithmic graphs were plotted for 
further, different channel characteristics. 

Effect of Bank Roughness 
Figures 4a and 4b show the Rclw versus VtoeIVavg relations for 

natural bends with intermediate roughness outer banks and rough outer 
banks, respectively. Examination of the plots shows complete overlap 
between the data clouds for the two bank types. This suggests that, for the 
range of bank roughness represented in the bends studied, the roughness of 
the outer bank did not materially affect the velocity ratio. 

The banks of the laboratory flumes used to generate the data for 
trapezoidal and rectangular channels showed an insufficient range of 
roughness to allow separation of the data in this way. 

Effect of Bedforms 
Figures 5a, b and c show the Rclw versus VtoeIVavg relations for 

natural bends with plane, ripple and dune, and dune bedforms, respectively. 
Examination of the plots shows complete overlap of the data clouds for the 
three bedforms, suggesting that in natural bends the bedform did not 
significantly affect the velocity ratio. 
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Fig. 4a Natural Rivers - Intermediate Roughness Outer Banks 
















































































































































































































































































